Leptin increases sympathetic nervous system (SNS) activity in brown adipose tissue and renal nerves. Experiments described here tested whether SNS innervation is required for peripheral, physiological concentrations of leptin to reduce body fat. In Experiment 1 one epididymal (EPI) fat pad was sympathectomized by local injection of 6-hydroxydopamine in C57BL/6 mice which were then infused for 13 days with PBS or 10 ug leptin/day from an intraperitoneal miniosmotic pump. Surprisingly, EPI denervation increased total body fat of PBS-infused mice but leptin decreased the size of both injected and non-injected EPI pads in 6OHDA mice. Experiment 2 was identical except for the use of male Sprague Dawley rats that were infused with 50 ug leptin/day. Leptin had little effect on EPI weight or NE content, but denervation of one EPI pad decreased the effect of leptin on intact EPI, inguinal and retroperitoneal (RP) fat and increased the size of the mesenteric fat pad. Experiment 3 included groups in which either one EPI or one RP pad was denervated. RP denervation reduced RP NE content, but did not prevent a leptin-induced reduction in fat pad mass.
Introduction
It is well established that administration of leptin to experimental animals results in a selective decrease in body fat mass while protecting lean body mass (24). A similar response has been observed in obese humans on a weight reducing diet and receiving daily injections of leptin (26). The loss of body fat may be accompanied by hypophagia (18), but can occur in the absence of any sustained inhibition of food intake if low doses of leptin are infused peripherally into wild type mice (4, 24) . The mechanisms responsible for this specific reduction in body fat by physiological concentrations of leptin have not been fully elucidated. Leptin inhibits adipose tissue fatty acid synthesis (6, 21) and this is associated with a down-regulation of expression of transcription factors and enzymes that promote lipogenesis (37, 46) . In addition, in vivo and in vitro studies have shown that very high concentrations of leptin promote lipolysis from adipocytes in wild type mice (15) and rats (16) , whereas physiological concentrations of leptin (10 ng/ml) have no effect on the lipolytic rate in isolated adipocytes (16) . The lipolysis that is induced by leptin is unusual because a simultaneous stimulation of fat cell fatty acid oxidation results in selective release of glycerol (41) .
An alternative way in which leptin could reduce body fat is by reducing the number of fat cells present. The small amount of information that is available on the effects of leptin on preadipocyte growth is inconsistent, suggesting either no effect (2) or a stimulatory effect (29) of leptin on preadipocyte proliferation and differentiation, whereas others have reported that centrally administered leptin increases adipocyte apoptosis in vivo (34).
Because fat cells express both long-and short-form leptin receptors (13, 17) , the hormone may act directly on the tissue to modify metabolism or leptin could potentially modify activity of another metabolically active factor, such as insulin, either by changing the release of the factor or by interfering with its signaling at the fat cell. This is easy to imagine as leptin and insulin activate Final Accepted Version R-00858-2004.R1 common proteins in their post-receptor signaling pathways (28). Alternatively, leptin from the periphery may cross the blood-brain barrier and activate central regulators of sympathetic nervous system (SNS) outflow to white adipose tissue. Although leptin administration has been shown to increase sympathetic activity in intrascapular brown adipose tissue (IBAT: (7) ) and in renal lumbar nerves (12) , it has not been specifically demonstrated that leptin increases sympathetic outflow to white adipose tissue. Because physiological stimuli can promote sympathetic activity in a tissuespecific manner (44), it cannot be assumed that leptin causes a uniform increase in sympathetic activity of all peripheral tissues. Collins et al (7) found a small, non-significant, increase in norepinephrine (NE) turnover, a proxy of sympathetic drive, in white fat of rats receiving intraperitoneal (i.p.) injections of leptin whereas others have shown that hyperleptinemia (23 ng/ml), caused by leptin secreting adenovirus, inhibits food intake and reduces the size of transplanted fat that is devoid of neural connections (43) .
Independent of leptin action, there is growing evidence that the SNS regulates white adipose tissue mass (3) . When white fat was surgically denervated (9, 45) or when sympathetic innervation was selectively destroyed by guanethidine administration (10) there was a substantial increase in fat pad size due to hyperplasia. Therefore, if leptin does increase SNS outflow to white fat it could potentially decrease fat depot size by antagonizing insulin, which would lead to a decrease in lipogenesis, by promoting lipolysis and by inhibiting preadipocyte proliferation. The objective of the experiments described here was to determine whether sympathetic innervation is required for physiological doses of peripherally-administered leptin to decrease body fat in mice and rats. This was achieved by infusing physiological doses of leptin into the intraperitoneal cavity of mice or rats in which one fat pad had been sympathetically denervated by local injection of 6-hydroxydopamine (6OHDA). Theoretically, if the reduction in body fat caused by peripheral infusions of low doses of Final Accepted Version R-00858-2004.R1 leptin involved activation of sympathetic outflow to white adipose tissue, then we would expect to see reductions in the size of intact white fat depots, but not of the denervated fat pad in each leptintreated animal. We chose to use 6OHDA because we wanted to produce a situation in which only one pad in each animal was denervated, allowing intact pads in the same animal to act as controls.
Others have used either surgical denervation of white fat (9) , which destroys both sensory and sympathetic nerves, or local injection of guanethidine, which produces selective sympathetic denervation of white fat (10) . In preliminary studies we did not find guanethidine to be effective in white fat of mice.
Methods

Preliminary Data: Efficacy of sympathetic denervation by 6OHDA
All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Georgia and were in accordance with the principles of the American Physiological Society (1). To confirm that 6OHDA decreased fat pad NE content, thirteen 5 week old C57Bl/6 mice were obtained from Harlan (Indianapolis, IN) and were acclimated to housing (73ºF with lights on 12h/day from 7:00 am) for one week with free access to chow (Rodent Diet 5015; Lab diet, Purina Mills, MO) and water. The mice were anesthetized with isofluorane and one epididymal (EPI) pad in each mouse was injected 10 times with 2 µl injections of 8 mg/ml 6OHDA in 0.01 M phosphate buffered saline (PBS) containing 1% ascorbic acid. Injections were given using a micro-syringe fitted with a 30-gauge needle. The needle was held in place for 45 seconds after each injection to minimize backflow. Injection of 6OHDA was alternated between sides of different mice to control for possible unilateral differences between pads. Six mice were killed one week later and the remaining 7 mice were killed after 2 weeks. Both the injected and non-injected EPI pads were snap-frozen in liquid nitrogen for measurement of NE content, as described below.
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Experiment 1: Effect of local denervation of one EPI pad on leptin response in C57Bl/6 mice
Fifty-four 3 week-old male C57BL/6 mice were single housed in conditions described above except that they were in cages with grid floors to allow measurement of food intake and they were fed a diet containing 10% energy as fat (Diet 12450B; Research Diets Inc., New Brunswick, NJ).
After one week of adaptation to the environment, baseline daily food intakes and body weights were recorded for seven days before the mice were divided into four weight-matched groups. The mice were anesthetized with isofluorane and an Alzet miniosmotic pump (Model 1002; Durect, Cupertino, CA) delivering either 0.01 M PBS or 10 µg leptin/day (recombinant murine leptin: R&D Systems, Minneapolis, MN) was placed i.p. At the same time, one EPI pad was injected with 6OHDA or vehicle, as described above. The side of injection was alternated between animals.
Daily food intakes and body weights were measured for 13 days. A small sample (~50 µl) of tail blood was collected five days after surgery to measure serum leptin concentrations (Mouse Leptin RIA: Linco Research Inc., St. Charles, MO). On Day 13, mice were food deprived for three hours before decapitation and trunk blood was collected in tubes containing 10 µl of 1% EDTA with 500 U/ml heparin for measurement of leptin, triglycerides (Sigma kit 337-B: Sigma Chemical Co., St.
Louis, MO), and free fatty acids (FFA: NEFA C kit: WAKO Chemicals, Richmond, VA). IBAT, mesenteric fat, left and right testes, left and right retroperitoneal (RP), and left and right EPI pads were weighed. IBAT and EPI pads were snap frozen for subsequent measurement of UCP1 mRNA expression in brown fat, as described previously (19), and of NE content in white fat, as described below. In addition, approximately 50 mg of each EPI pad was fixed in osmium tetroxide for determination of fat cell size and number by Coulter Counter equipped with a Multisizer, as described previously (30).
Experiment 2: Effect of sympathetic denervation of one EPI pad on leptin response in Sprague
Dawley rats.
The outcome of Experiment 1 did not clearly demonstrate whether or not sympathetic innervation was required for leptin to reduce fat pad size in mice. Therefore, we conducted an identical study in rats because rats have larger fat depots and we anticipated that it would be easier to detect treatment effects on intact and denervated fat pads. Thirty-six, seven-week old male Sprague-Dawley rats (Harlan) were housed as described above and had free access to chow (Rodent Lab Diet 5012; Lab Diet, Purina Mills, MO). One week after arrival, baseline daily food intakes and body weights were measured for seven days and then the rats were divided into four weight- and were allowed to recover consciousness before being returned to their home cages. They were given a second injection of analgesic the day after surgery.
Daily food intakes and body weights were measured for 13 days. On Day 13 of infusion, rats were food deprived for two hours, decapitated and trunk blood was collected for measurement of serum leptin. Tissues were weighed and collected as described for Experiment 1 and left and right inguinal white fat also was weighed. IBAT and EPI fat were snap frozen for measurement of tissue NE and IBAT UCP1 mRNA expression and 50 mg samples of EPI were fixed for determination of In the two previous experiments we denervated one EPI pad in rats or mice that were subsequently treated with leptin. This pad was chosen because previous studies had shown it to be responsive to peripheral infusions of leptin (4, 35) . There was little change in the EPI weights of leptin infused animals in Experiments 1 and 2. Therefore, in this study one EPI or one RP pad was sympathetically denervated in rats that were infused with either leptin or PBS. A total of 80 sevenweek old male Sprague Dawley rats (Harlan) were housed as described above with free access to water and chow. Because of the large number of animals that were required, the study was completed using two cohorts of 40 rats with treatments groups equally represented within each cohort. Baseline daily measures of body weight and food intake were recorded for seven days and then the rats were divided into eight weight-matched groups of 10 animals per group. Each rat was anaesthetized and one EPI fat pad, or one RP fat pad, was injected with multiple 2 ul volumes of either 6OHDA solution or vehicle, as described for Experiment 2. EPI fat pads were each injected 20 times and RP pads were injected 10 times. The side of the rat on which the injected pad was located was randomized between animals. A miniosmotic pump (Alzet model 2002) was placed i.p. and delivered either 50 ug leptin/day or an equal volume of PBS. Muscle and skin incisions were closed with sutures and the rats were given a subcutaneous injection of analgesic. The rats were allowed to recover consciousness before being returned to their home cages and were given a second injection of analgesic the day after surgery.
Daily measures of food intake and body weight continued for 13 days after surgery. Three days after surgery the rats were food deprived from 7.00 a.m. to 12.00 p.m. and a small sample of blood was collected from the tail for measurement of serum leptin concentrations. On the thirteenth day after surgery rats were food deprived from 7.00 a.m. and were killed by decapitation between 9.00 a.m. and 12.00 p.m. Individual white fat pads, IBAT, and left and right testes were dissected and weighed. The IBAT was snap frozen and half of the pad was used for measurement of UCP-1 mRNA expression by Northern blot and the other half was used to measure NE content. Portions of each EPI and each RP pad were snap frozen for measurement of leptin mRNA expression by Northern blot or for measurement of NE tissue content. Small (~50 mg) samples of each of the four fat pads were fixed in osmium tetroxide for determination of fat cell number and size distribution by coulter counter. The average diameter of cells was calculated for each fat depot. The rest of the tissue, less the gastrointestinal tract, was returned to the carcass and body composition was determined (22).
NE Measurements
NE content of WAT and IBAT was measured by reverse-phase HPLC with electrochemical detection. EPI or RP fat was sonicated on ice (3X at 30 sec) in 800 ul 0.2 M perchloric acid containing 3 ug/ml ascorbic acid and 25 ng/ml 3,4-dihydroxybenzlyamine hydromide (DHBA) as an internal standard. The sonicated fat mixture was centrifuged for 15 minutes at 4 o C at 9000 rpm.
After centrifugation the infranate was removed and filtered through a 0.2 um, Nylon, Sterile 25 mm syringe filter and 50 ul of the clear filtrate was injected into the HPLC system. IBAT was processed in an identical manner except that the sonicating solution contained 100 ng/ml DHBA. NE was 
Statistical Analysis
Body weight, food intake, and adipocyte size distribution were compared between groups using a Repeated Measures ANOVA (Statistica Software 99' Edition, Stat Soft, Tulsa, OK). Body weight or food intake measured immediately before surgery was used as a covariate in the analysis.
Fat pad weights, tissue NE content, serum leptin, free fatty acids, triglycerides, and glycerol were compared using a two-way ANOVA. Independent variables in the analysis included 6OHDA vs.
vehicle injections, leptin vs. PBS infusion, injected vs. non-injected pad, day for repeated measures of intake or body weight, cell diameter for measures of cell diameter, and EPI vs RP denervation for 
Results
Preliminary Data
Injection of 6OHDA significantly reduced NE content of mouse EPI fat one and two weeks after injection by 47% and 43%; respectively ( Figure 1 ).
Experiment 1
Five days after surgery 6OHDA/leptin mice had significantly higher serum leptin concentrations than all other groups and leptin was significantly higher in 6OHDA/PBS than vehicle/PBS mice ( Figure 2A ). All of the mice lost weight in response to surgery, but had recovered this weight by the second day of infusion. After this initial period of weight recovery the 6OHDA/PBS mice gained significantly more weight during the experimental period than any other group (6OHDA: NS, Leptin: NS, 6OHDA X Leptin: P<0.02: Table 1 ). This difference in weight occurred without any change in food intake (Table 1) . At the end of the study there was a small, but significant, reduction in the size of the non-injected EPI pads of vehicle/leptin mice, but this difference was not apparent in the injected pad. In contrast, leptin caused a significant reduction in the size of both the injected and non-injected EPI pads of 6OHDA/leptin mice ( Figure 2B ). The non-injected pad was significantly larger than the injected pad in 6OHDA/PBS mice. Leptin did not produce significant changes in the size of RP or mesenteric fat depots in vehicle or 6OHDA-treated mice (data not shown). Surprisingly, with denervation of only one fat pad with 6OHDA, there was a significant increase in the total weight of dissected white fat from 6OHDA/PBS mice compared with all other groups ( Table 1) .
Leptin had different effects on total cell number of injected and non-injected EPI fat pads.
There were significantly more cells in the injected pad of vehicle/leptin mice than in non-injected 6OHDA/leptin or non-injected vehicle/leptin pads (data not shown) and the difference in cell number was most obvious in the smallest diameter cells (data not shown). At the end of the study, there was no difference in NE content of any of the EPI pads and there were no differences in IBAT UCP1 mRNA expression or NE content (data not shown). There were no differences in serum triglycerides, glycerol, or free fatty acids at the end of the experiment (data not shown).
Experiment 2
Neither leptin nor denervation of one EPI fat pad had a significant effect on food intake of the rats during the experimental period considered on either a daily basis or cumulatively over the 13 days of infusion ( Table 2 ). All of the rats lost weight immediately after surgery and then regained the weight within 72 hours. The 6OHDA/leptin rats weighed less than all the other rats from day 3 to 7 of infusion (6OHDA: NS, Leptin: P<0.02, Day: P<0.0001, Leptin x Day: P<0.0001), but there was no significant difference between any of the groups when total weight gained during the experimental period was compared (Table 2) .
At the end of the experimental period there were site specific effects of denervation and/or leptin on fat depot weight. When the weights of individual EPI pads in all groups were compared, leptin caused a significant reduction in weight ( Figure 3A ) but the non-injected pads of vehicle/leptin rats were the only depots in which the difference reached significance by post-hoc analysis. NE content of the non-injected pads of vehicle/leptin rats was increased compared with that in vehicle/PBS rats but there were no other effects of denervation or leptin on NE content (Table 2 ) and RP fat depots ( Table 2 ). The reduction was significant for vehicle/leptin but not 6OHDA/leptin rats.
By contrast, leptin had no significant effect on the size of the mesenteric fat depot, but denervation of one EPI pad caused a significant increase in the amount of mesenteric fat present in 6OHDA/PBS rats ( Table 2 ). There was no significant effect of either denervation or of leptin infusion on either the weight, the NE content or the UCP1 mRNA expression of IBAT pads (data not shown). Despite the fat depot-specific effects of EPI denervation, there was no significant effect of denervation on carcass fat content of the rats, however, leptin caused a significant decrease in carcass fat content of both vehicle/leptin and 6OHDA/leptin animals ( Table 2) .
Experiment 3
Leptin infusion caused a significant increase in serum leptin concentration ( Figure 4) measured three days after surgery. Leptin was significantly higher in the RP denervated 6OHDA/leptin rats than in vehicle/leptin rats from either the RP denervation group or the EPI denervation group. Daily body weights and food intakes were not different between the eight treatment groups during the baseline period (data not shown). The surgery caused a transient inhibition of food intake in all rats that was reversed within two days in the PBS-infused rats, but was slower to recover in leptin-infused rats. There was no effect of 6OHDA on food intake of EPI Final Accepted Version R-00858-2004.R1 denervated rats, but in the RP denervated group 6OHDA/leptin rats took one extra day for their food intake to reach control levels than did the vehicle/leptin rats (data not shown). When total food consumed during the 13 days of infusion was considered, 6OHDA/leptin rats ate significantly less than 6OHDA/PBS rats in the RP denervation group (Table 3) . Consistent with this difference in food intake, 6OHDA/leptin rats gained less weight during the 13 days of leptin infusion than vehicle/leptin rats in the RP denervation group (EPI vs RP: NS, 6OHDA: NS, Leptin: P<0.03, Leptin x 6OHDA: P<0.05: Table 3 ).
Neither leptin nor denervation produced any significant change in the NE content of either EPI or RP fat pads from EPI denervated rats at the end of the experiment (top and bottom left panels, Figure 5 ). In contrast, denervated RP pads from RP denervated rats had less NE than the contralateral, non-injected pads within the same animal (bottom right Figure 5 ). The NE content of the EPI pad in RP denervated rats that was contralateral to the denervated RP pad was significantly elevated (top right Figure 5 ). NE concentration, expressed ng/g tissue, was substantially lower in non-injected EPI than RP pads (48 + 5 vs.101 + 9 ng/g tissue), but because the EPI pads were larger, total NE per fat pad was greater in EPI than RP pads.
There was no effect of leptin or of either EPI or RP denervation on the weight of EPI fat depots (data not shown). In addition there were no differences in the weights of injected versus non-injected (contralateral) pads, indicating that the multiple 2 ul injections had not caused any did not change the number of cells present in the injected, denervated pad and leptin infusion had no effect on EPI cell number in any treatment group. Surprisingly, denervation of one EPI pad caused a significant increase in cell number of the non-injected, contralateral EPI pad and the contralateral RP pad of 6OHDA/PBS rats, but this hyperplasia was blocked in the 6OHDA/leptin rats ( Figures   7C and D) . The cell size distribution showed that the increase in cell number was represented in all cell sizes up to 90 um diameter ( Figures 7A and B) and there was no change in the average diameter of cells in either EPI or RP pads from PBS-infused rats although leptin reduced the average cell diameter in RP pads from all treatments (P<0.0001: Figures 7E and F) . Leptin significantly reduced the size of inguinal fat pads but there was no effect of denervation on inguinal size or leptin response (data not shown). Leptin also reduced the size of mesenteric fat pads in the vehicle/leptin rats in the RP denervated group, but did not change mesenteric pad size in the EPI denervated group ( Figure 6B ). At the end of the study carcass fat content, expressed either as g/rat or as percent carcass weight, was significantly reduced by leptin in the EPI denervated group ( Figure 6C ), but there were no differences in lean tissue mass. The effect of leptin did not reach significance in the RP denervated group due to the carcass fat content of the control, vehicle/PBS and 6OHDA/PBS rats being lower in the RP denervated group than in the EPI denervated group. There was no effect of either denervation or of leptin infusion on IBAT UCP-1 mRNA expression or NE content.
Denervation had no effect on EPI pad leptin mRNA expression. There was a trend for leptin to inhibit expression but this did not reach statistical significance (P<0.08) (data not shown).
Discussion
In the studies reported here we produced a selective sympathetic denervation of fat pads by making local injections of 6OHDA into the pad and thereby destroying its sympathetic innervation animals and those that were injected with vehicle. This appears to be the first report of using 6OHDA to produce a tissue-specific denervation in white fat and we patterned our methodology after that of Mayerhofer et al (31) who made local injections of 6OHDA in testes and found undetectable testicular NE content 24 hours after the injection (NE concentration was not measured at any subsequent time points). In experiments involving whole-animal sympathetic denervation, 6OHDA treatment reduced the NE content of IBAT to 10-35% of control values 2 days after injection but these levels doubled over the next 6 days (11). In other studies that specifically denervated white adipose tissue, total surgical denervation produced a dramatic and sustained reduction in tissue NE content (9), but we wanted a selective sympathetic denervation and surgical denervation does not discriminate between sympathetic and sensory nerves. More recently Demas and Bartness (10) reported an effective sympathetic denervation in hamster white fat using localized injections of guanethidine, but we were unable to produce equivalent effects in mouse adipose tissue with this chemical.
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The primary objective of these studies was to determine whether peripherally infused, physiological concentrations of leptin required activation of the SNS to cause a selective reduction in body fat mass. Other reported that innervation is not required for leptin to reduce the size of fat transplanted into rats in which hyperleptinemia was induced by adenovirus (43) . The circulating concentrations of leptin found in adenovirus treated rats (23 + 12 ng/ml) were much greater than those found in normal weight rats and caused a significant inhibition of food intake. In this study, however, we determined whether physiological levels of leptin that did not inhibit food intake, required SNS activity to reduce fat depot size. In the first two experiments EPI fat was denervated because previous experiments have shown this pad to be responsive to peripheral infusions of leptin (4, 35) , and because it is easy to inject the pad uniformly with minimal trauma to the animal. In Experiment 1 with mice, leptin decreased the mass of denervated EPI fat to the same degree as depots with intact sympathetic nerves. In Experiment 2 with rats, however, leptin had little effect on EPI weight and it was difficult to conclude whether or not sympathetic innervation was an important mediator of leptin action in rats. Specifically, although we did not find a significant leptin effect in either the 6OHDA-or vehicle-treated fat depots, denervating one EPI pad led to Although we did not explore the mechanisms responsible for the reduction in fat pad size of leptin-treated animals in these experiments, measurements of fat cell size and number suggest that leptin causes a loss of lipid from the cells, rather than causing a dramatic decrease in fat cell number. This suggests that the majority of the loss of fat was due to changes in adipocyte metabolism, such as increased lipolysis (15) and/or decreased lipogenesis (21), rather than a significant stimulation of apoptosis or an inhibition of preadipocyte differentiation. A second piece of evidence supporting the independence of leptin from the SNS was that although we expected that denervation would decrease the responsiveness to leptin, we found that denervation of one fat depot exaggerated the effects of leptin on body weight and fat pad size in mice in Experiment 1, and on body weight of rats in Experiment 3. This argues against the SNS being essential for leptin action on body weight and body fat and also indicates that denervation of a single fat depot may influence the whole animal response to leptin.
The leptin infusions used in the studies described here caused relatively small increases in serum leptin concentration, reinforcing the fact that the doses given resulted in circulating concentrations that were within the physiological range. Surprisingly, denervation of one fat pad in both PBS and leptin-infused mice increased circulating leptin concentrations. This is consistent with the observation that activation of the SNS inhibits white adipose tissue leptin mRNA expression (8) and with observations that spinal cord injury patients lacking a functional sympathetic chain show increased circulating serum leptin concentrations (27). Although denervating one pad might not be expected to change circulating leptin levels, if denervation of one pad suppressed SNS activity in other, intact depots, as discussed below, then there could be a
Final Accepted Version R-00858-2004.R1 significant increase in circulating concentrations of leptin. Denervation alone did not increase circulating concentrations of leptin in rats and we found no significant effect of denervation on leptin mRNA expression in EPI fat in Experiment 3. These results suggest either species differences in the regulation of leptin production or that the conditions of this study were too subtle to produce measurable changes in leptin expression in rats.
In the experiments described here we gave the rats and mice peripheral infusions of physiological doses of leptin. Previous studies have shown that these doses effectively reduce body fat (21, 23) even though they are lower than those used by many other investigators . Evidence is available for both centrally administered leptin and for higher peripheral doses of leptin to increase sympathetic output to tissues other than white fat (8, 25, 39 ). Here we found that low doses of possible that the amount of leptin used in this study was too low to activate thermogenesis or that the small change in energy expenditure that would be required to produce the observed loss of fat did not require measurable changes in UCP-1 mRNA expression.
In Experiment 2, we were surprised to find that denervation of one EPI pad changed the leptin responsiveness of other, intact white fat depots. This effect also was apparent in the combined weight of inguinal fat pads in EPI denervated rats, but not RP denervated rats, in Experiment 3 (data not shown) and we found an increase in the size of the non-injected EPI pad of 6OHDA/PBS mice in Experiment 1. Thus, destruction of sympathetic nerves in one fat pad influenced distant, but neurally intact fat pads. Assuming that this response was specific to EPI denervation implies a complex interaction between fat pads that may be influenced by the level of SNS input to the denervated pad and the connections and functions of its sensory innervation. Intact EPI fat had a lower NE concentration, per unit weight, than RP fat and presumably this indicates a lower level of SNS innervation or drive, which would have to be confirmed by measures of NE turnover and by histological evaluation of innervation. Another factor to consider is that EPI fat is integral to the support of reproductive function (38) , and it is possible that it is loss of control of some aspect of signaling proteins in the two RP pads. Because the enlargement of contralateral fat pads was most striking in denervated rats infused with PBS, it appears that leptin directly opposed the effect that was initiated by selective denervation, but it is not clear whether the two factors acted on identical metabolic pathways or simply in opposition to one another. It also is not clear from the results of these experiments whether the blunted leptin response in intact pads of EPI 6OHDA/leptin rats in Experiments 2 and 3 was due to a change in leptin responsiveness or to opposing, but independent, effects of leptin and the disruption of neural input on fat cell metabolism. These issues need to be resolved in experiments that are specifically designed to investigate the effects of denervation. In this study our primary objective was to examine the effects of leptin on denervated fat pads therefore, the experimental design did not allow us to evaluate many aspects of the response of intact pads in the denervated rats and mice.
Because local injections of 6OHDA would not cause global denervation (33), it would appear that there is some communication between pads resulting in changes in SNS drive. The mechanisms by which this might occur are unknown, but may involve sensory innervation of white fat (36, 14) if the regulation of specific fat depots is mediated by sensory afferent fibers responding to metabolic or cellular changes that are controlled by sympathetic efferent fibers. Niijima (32) has previously reported that injecting leptin into one EPI fat pad increases sympathetic activity in the contralateral pad, supporting the concept of neural communication between different fat depots. In the studies described here, denervating one fat depot did change the size of other fat pads in rats and total body fat mass of mice in Experiment 1, but the effects were not large. These responses may have been greater if the study had been extended, but because the focus of this study was the effect of leptin on fat pad size the experiment lasted for only 13 days. Demas and Bartness (10) in a two week period. The differences between the outcome of that study and the experiments described here may be due to differences in species used or the fat depot that was denervated.
Unlike previous reports for surgical denervation of rat (9) or hamster white adipose tissue (5, 45),
we did not find any significant increase in fat cell number in the denervated fat pads of rats or mice.
It is possible that because the rats and mice in this study were young and were already growing rapidly there was a ceiling effect on preadipocyte proliferation. The results of Experiment 3, however, argue against this because we found a significant hyperplasia in the contralateral EPI and RP fat pads of EPI denervated rats. Leptin infusion prevented this increase in cell number, implying that the SNS normally integrates information across fat depots and controls cell number accordingly and that leptin is capable of controlling cell number through similar mechanisms.
Because we did not find a significant effect of leptin on cell number in intact fat depots it is possible that a maximal level of inhibition of proliferation is achieved with normal sympathetic tone and that leptin does not produce an additive effect.
In summary, the results from these experiments suggest that SNS outflow into white fat is not essential for leptin to reduce fat mass in mice or rats. Because we used low concentrations of peripherally administered leptin it is possible that opposite effects or more marked effects may be seen if leptin is administered centrally or if larger doses of leptin were administered peripherally, resulting in non-physiological circulating concentrations of the protein. Surprisingly, denervation of one fat depot caused significant changes in neurally-intact, distal fat pads in both rats and mice.
Therefore, it is likely that some signal is communicating from the denervated pad leading to changes in other fat depots. Whether this signal is a circulating factor or a neural signal is . Panels E and F show the average cell diameter for the EPI and RP fat from EPI denervated rats. There was a significant effect of leptin (P<0.0001) on the average size of cells in the RP pads but there were no significant effects for any specific treatment group. Values for total cell number for EPI or for RP pads that do not share a common superscript are significantly different at P<0.05. Data are means + sem for groups of 10 rats.
